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This work combines high pressure synchrotron X-ray diffraction (XRD), nuclear forward 
scattering (NFS), and nuclear resonant inelastic X-ray scattering (NRIXS) experiments on iron 
diantimonide (FeSb2), a promising thermoelectric material.  NRIXS uses the interaction between 
excited nuclear and lattice states to directly measure the phonon density of states (PDOS) for 
samples containing certain Mössbauer isotopes.  For our experiments, we synthesized FeSb2 
enriched with the isotope 57Fe and measured the partial PDOS for 57Fe sites in the FeSb2 
lattice.  NFS, also known as synchrotron Mössbauer spectroscopy, is a sister technique to NRIXS 
that studies the hyperfine structure of the excited Mössbauer nuclei.  High pressure XRD 
experiments provide complementary information on the crystal structure of FeSb2.  Samples 
were pressurized with symmetric-style and panoramic-style diamond anvil cells.  High pressure 
experiments were conducted at Sector 16 of the Argonne National Laboratory Advanced Photon 
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CHAPTER ONE  
INTRODUCTION 
 FeSb2 gained interest as a thermoelectric material in 2007 with the discovery of a 
“colossal” Seebeck coefficient.1  The Seebeck coefficient is an empirical value determined by 
how much voltage is generated across a material per degree Kelvin of temperature gradient.  
Bentien et al. measured a Seebeck coefficient S = - 45,000 μV/K through PPMS measurements 
at 10 K.  Similar measurements were later conducted by Sun et al.2  This Seebeck coefficient is 3 
- 4 orders of magnitude larger than what is seen in thermoelectric materials currently used at 
cryogenic temperatures.3,4  It exceeds the optimal S values of widely used thermoelectric 
materials such as Bi2Te3, PbTe, and SiGe by roughly two orders of magnitude.
5,6  This high 
Seebeck coefficient at relatively low temperatures makes it promising for refrigeration 
applications, where many thermoelectric materials have very low Seebeck coefficients.   
In 2016, it was proposed this large Seebeck coefficient could be due to a phonon-drag 
effect.7  In phonon-drag, phonons help “carry” electrons through a material, enhancing the 
ordered movement of charge.  It is more common for phonons to disrupt the orderly movement 
of charge, decreasing electrical conductivity in materials.  This enhancement of electrical 
conductivity relative to the thermal conductivity is unusual but very beneficial for a useful 
thermoelectric material.  Finding more materials where the thermoelectric performance is so 
significantly enhanced by phonon-drag could lead the way to a new family of thermoelectrics.  
We conducted high pressure X-ray diffraction, nuclear forward scattering, and nuclear resonant 
inelastic X-ray scattering measurements on FeSb2 in order to study the structural, electronic, and 




CHAPTER TWO  
TOOLS FOR HIGH PRESSURE RESEARCH – THE DIAMOND ANVIL CELL 
Introduction 
 This chapter introduces the diamond anvil cell (DAC) and its components, with some 
minor commentary on different designs, materials, and limitations.  For anyone familiar with 
DACs, this chapter will not provide anything new and can be skipped without missing anything 
in terms of FeSb2 experiments.  Specifics of the DACs used in our experiments are included in 
this chapter, but the details will be summarized again later in the chapters discussing 
experimental procedure and results.   
Basic Principles of Diamond Anvil Cell 
 Since their development in the 1960s, diamond anvil cells have become a prominent tool 
in high pressure research.  Fig. 1 shows a diagram of the basic components of a diamond anvil 
cell (DAC).  Primary components include the diamond anvil pair, drilled gasket, pressure 
transmitting medium and pressure marker.  Microscopic amounts of sample (approximately 
microgram size) are compressed between the two diamond anvils.  Utilizing the simple definition 
of pressure as force over area, the DAC reaches high pressures by making the area of the 
diamond anvil over which force is directed very small.  Typically diamond faces, called culets, 
have diameters on the order of a few hundred microns or so.  With small sample areas, it 
becomes experimentally feasible to generate pressures greater than the interior of the planet 





 In comparison to other high pressure tools such as large volume presses or laser shock 
facilities, diamond anvil cells are easy to use, easy to transport, and inexpensive to produce.  This 
makes them prime targets for modification, such as changing the dimensions of the cell or the 
cell materials to suit a new experimental purpose.  There are nearly as many different types of 
DACs as there are applications.  Common to most designs are two cylindrical pieces that fit 
together as a piston and cylinder.  Force is generated by closing the cell and bringing the two 
anvils in the DAC close together, with a sample trapped between the diamonds.  The sample is 
held in a pressure medium contained by a metal gasket between the diamonds, along with a 
special material (commonly ruby) for use as a pressure manometer.  This process of closing the 
DAC to generate pressure can be done by screwing the two halves of the DAC together (as seen 
in Fig. 1), or placing the DAC in a gas membrane apparatus.  When using screws, washers are 
included to give more fine control when tightening the DAC.       
Openings at the top, bottom, and sides of the DAC provide experimental access to the 
sample.  The openings along the vertical axis of the DAC are important for optical access of the 
sample and alignment of the diamonds, whereas the windows along the horizontal axis of the 
DAC are generally used for equipment access such as detectors.  Both vertical-axis and 
horizontal-axis openings can be used for sample illumination or data acquisition, depending on 
the technique.  The numerical aperture / solid angle of these windows imposes a limit on the 
amount of signal that can be collected during the experiments.  The experimental techniques 
used in this thesis – XRD, NFS, and NRIXS - require different numerical apertures for data 




style for XRD measurements and panoramic-style for NRIXS and NFS measurements.  Fig.2. 
shows the two types of DACs. 
   
 
FIG. 1. Transverse view schematic of a DAC. 
 
 
           
 
FIG. 2. DACs used for our experiments.  Symmetric-style (left and middle) and panoramic-style 
(right) diamond anvil cells used in this work.  The first image indicates the relative dimensions 
of diamond anvil cells. The middle and third image provide transverse views of the two DACs 
(not shown to scale).  The panoramic DAC is shown wrapped Kapton tape, a safety precaution 




Diamond is chosen as an anvil material due to its hardness.   Extreme pressures can be 
reached without diamond failure, provided there is no shear stress or existing defect.  Diamond is 
also desirable for its transparency to visible light.  Optical access through the diamonds allows 
for easy cell preparation, as well as the ability to monitor visible changes in the sample during 
experiments.  Diamonds are also transparent to hard X-rays; for example, the absorption length 
at 22 keV is 1.3 cm-1, much larger than typical diamond anvil thicknesses of 2.5-3.5 mm.9  This 
makes diamond ideal for X-ray techniques such as XRD and NFS.  Diamonds can be cut and 
polished to different styles to suit different DACs and applications.  For our experiments, we 
used brilliant-cut approximately 1/6-carat diamonds with culet sizes ranging from 200 microns to 
250 microns in diameter. 
 In the symmetric-style diamond anvil cell, diamonds are epoxied into place on tungsten 
carbide (WC) seats.  While the outer piston-cylinder assembly of the DAC may be a material like 
stainless steel, the seats onto which the diamonds are placed will last longer if made from a 
harder material such as WC.  The WC seats also yield less to the stress of the diamonds that are 
mounted to them compared to steel.  Conical openings in the center of the seats allow visual and 
experimental access to the diamonds and sample.  The radius and solid angle of the seat openings 
dictate the collection area for data emitted by the sample.  For example, a large numerical 
aperture is crucial for X-ray diffraction experiments, and the seats must be specially chosen.   
Gasket Materials and Sample Chambers 
 The purpose of a gasket is to contain the sample and prevent it from extruding outward 
while pressure is exerted along the axis of the diamond pair.  In preparation for experiments, the 
gasket is indented between the diamond anvils until the material is an appropriate thickness.  An 




experiment as well as increasing the maximum achievable pressure.  After indenting, a hole is 
drilled in the center of the indentation to create the chamber where the sample is placed.  A 
proper gasket thickness to sample chamber diameter is important to prevent chamber collapse.  
Our gaskets were indented to 20-30 micron thickness and laser-drilled using the APS Sector 16 
HPCAT facility laser-drilling system.  The diameter of the drilled chamber is chosen based on 
the culet diameter of the diamonds being used, and ranged from 60 microns – 80 microns.   
The actual amount of sample placed in the DAC is smaller than the chamber; for our 
experiments, a typical amount would be a 40 micron diameter, 10 micron thick compacted 
powdered sample.  This produced an approximate volume of 104 cubic microns (0.00000001 
cubic centimeters).  For a sample with an approximate density of 8 g/cm3, one can estimate the 
amount of sample in the DAC to be about 100 nanograms.                  
A common issue to avoid in high pressure experiments is deformation of the sample 
chamber once application of pressure begins.  Such an event can occur even at low pressures if 
the gasket material is soft.  Usually metals are used for gaskets, as they are malleable enough to 
be indented without shattering, yet strong enough to resist deformation from the sample pushing 
outward as it is compressed.  Rhenium metal is a common choice and was used for all XRD 
measurements presented in this thesis.   
 Rhenium is not an appropriate gasket material for all experimental techniques, however.  
One example is NRIXS, which requires data collection perpendicular to the diamond axis, and 
thus the X-rays must travel through the gasket material itself.  The gasket material must be as 
transparent as possible to X-rays for data to be collected.  The DAC used in NRIXS 




gaskets.  Beryllium’s health hazards and softness compared to other metals make it unfavorable 
to use as a common gasket material when low X-ray absorbance is not required.   
Pressure Transmitting Medium 
 In a diamond anvil cell, force is applied along the diamond-diamond axis.  Due to the 
geometry of the diamond anvil, and the material response of diamond itself, this force is not 
transferred evenly across the diamond culet.  Rather, the pressure is higher at the edges of the 
culet and less in the center, a “bowing” effect that becomes more pronounced with increasing 
pressure.10  This results in an unavoidable gradient of pressure across the diamond culet, 
including the sample chamber, unless a fluid pressure transmitting medium (PTM) is loaded in 
the chamber.  At high enough pressures, all PTMs will ultimately become solid.  The primary 
pressure experienced by the sample is along the diamond axis, but the magnitude of that pressure 
varies depending on the sample placement in the chamber.  Additionally, the sample will 
experience a force perpendicular to the diamond-diamond axis once the pressure medium is 
solid; said force will become extremely large if the sample is in contact with the gasket and/or 
diamonds.  For powder samples, there are also forces being applied between individual 
crystallites (powder grains) as they are compressed together.  Combined together, the result is 
pressure that is different depending on location and direction.  Materials often respond to 
uniaxial or anisotropic stresses differently than isotropic (hydrostatic) pressure.  To mitigate this 
effect, researchers add a pressure transmitting medium into the sample chamber, the purpose of 
which is to create as much of hydrostatic environment as possible.          
 PTMs are ideally fluid or soft solids over a wide pressure range.  As discussed in the next 
section, ruby is used for pressure determination while simultaneously indicating non-




addition, the PTM must be chemically non-reactive with the sample and gasket material.  The 
effects of temperature can also be important; all measurements presented in this work are at 
room temperature.  Noble gases provide the most hydrostatic environment and are a popular 
choice where gas-loading machinery is available.  For our experiment, our DACs were gas-
loaded with helium gas for XRD measurements or loaded with silicone fluid for NFS and 
NRIXS measurements.12  Silicone oil is easy to load, has reasonable hydrostaticity at the 
pressures investigated in this work, and reacts with very few materials. Gas loading was done 
courtesy of the GSECARS gas-loading system at Sector 13 of the Advanced Photon Source.13 
Measuring Pressure in a DAC 
 Many materials have well-documented and calibrated responses to pressure.  Including 
one of these materials in the sample chamber allows researchers to determine the pressure 
experienced by the sample as the DAC is compressed and decompressed.  For our experiments, 
we placed a couple of small (5-10 micron diameter) annealed ruby spheres (Almax easyLab) in 
the sample chamber and used the ruby fluorescence scale to determine pressures below 30 GPa.14   
For pressures above 30 GPa, or when the ruby signal became too weak to determine pressure, we 
used the Raman spectra of one of the diamond culets.15  When possible, pressure was measured 
for multiple rubies in the sample chamber in order to estimate the pressure gradient experienced 
by the sample.  Also, pressure measurements were taken before and after each data acquisition to 
account for any pressure drift in the DAC over time.  The final pressure reported for each XRD, 
NFS, or NRIXS measurement is given as the statistical average of all measurements, and the 




Disadvantages of the DAC 
 While the applications for diamond anvil cells are numerous, the small sample size and 
diamond enclosure present their own experimental difficulties.  For many techniques, it can be 
prohibitively difficult and time-consuming to obtain a measurable amount of signal from 
microscopic sample quantities.  The probing radiation must have sufficient flux to permeate 
through diamond or gasket and produce a non-negligible signal from the sample, while also be 
focused to the micron regime.  From there, whichever device is used to collect data must be 
sensitive.  X-ray experiments in a DAC are not simple, and most often require facilities such as 
synchrotrons to meet all of these needs.  Our XRD, NFS, and NRIXS experiments were 
conducted at the Advanced Photon Source at Argonne National Laboratory.  Details of each 





CHAPTER THREE  
SYNTHESIS OF IRON DIANTIMONIDE 
 The iron diantimonide powder used in these experiments was synthesized in-house using 
common solid state synthesis methods.  Stoichiometric amounts of enriched 57Fe powder 
(Cambridge Isotope Laboratory, 95.5 % enriched, 98% chemical purity) and antimony powder 
(Alfa Aesar, 99.999% chemical purity) were mixed together and ground into a fine powder using 
an agate mortar and pestle with acetone as the stirring medium.    The 57Fe isotope is necessary 
for our nuclear resonant scattering measurements.  The mixture was compressed into a pellet 
using a hydraulic die-press.  The pellet was then sealed in an evacuated quartz tube and heated in 
a muffle furnace.    
 Our heating routine was inspired by previously reported synthesis procedures under 
varying conditions.16,17,18  Our method is most similar to the solid state reaction temperature 
cycling of Sanchela et al.  The initial plan was for the temperature of the furnace to be increased 
from room temperature to 700 ˚C over 12 hours, held at 700 ˚C for 5 days, and then cooled back 
to room temperature over 12 hours.  Unfortunately, the power supply to the furnace 
malfunctioned during the fourth day of heating, causing the temperature of the furnace to 
decrease to 400 ˚C before repair.  The furnace temperature was increased back to 700 ˚C at the 
same rate of ≈ 1 ˚C / minute, and held at 700 ˚C for an additional 32 hours before cooling.     
 Post-synthesis, the sample structure was characterized using an in-house Bruker D8-
Advanced Laboratory X-ray Diffractometer.   Despite temperature fluctuations during synthesis, 
the resulting X-ray pattern was able to be refined as a single-phase Pnnm structure (see chapter 
5).  In preparation of synchrotron experiments, the sample was ground for a further ~ 2 hours 




CHAPTER FOUR  
FUNDAMENTALS OF X-RAY DIFFRACTION 
Introduction  
This chapter provides the background knowledge in X-ray diffraction (XRD) that helped 
to evaluate the results of the high pressure XRD data presented in this thesis.  XRD is a popular 
technique that provides information on the physical arrangement of atoms in a material.  In the 
following sections, we start by building up an understanding of the X-ray diffraction process 
within crystalline solids, progressing to X-ray diffraction of powdered samples.  We then 
highlight some of the features in XRD data and what they inform about the material under study.  
Readers who are familiar with XRD will likely not find any new information here and are 
welcome to proceed to the next chapter.  Any experimental specifications detailed in this chapter 
will be summarized again when presenting experimental results.   
Basics of X-ray Diffraction    
XRD is pertinent to the study of materials as it provides information on the arrangement 
of atoms within a material.   It has been embraced by many scientific fields and applied to a 
range of materials, from minerals to proteins and more.19  The technique is fundamental to the 
field of crystallography, the study of the arrangement of atoms in crystalline materials.  Our 
sample, FeSb2, is one such crystalline material.  What qualifies as crystalline, and how XRD 





Crystals are distinguished from other materials by the highly ordered way in which their 
atoms are arranged.  One can think of a crystal as an extensive 3-dimensional pattern comprised 
of two components: nuclei centered about specific points in the pattern, and the overlying 
landscape of electron density surrounding the nuclei and shaping chemical bonds.  This 
electronic environment generates Coulombic forces, which in turn restrict the movement of 
atoms away from their prescribed positions.  With this mechanism behind ordering, crystals are 
necessarily solids- the distances between molecules in liquids and gases are too great for 
Coulombic forces to be able to confine atoms in the same way.  In place of forces, crystals may 
also be described by the corresponding potential energy; atoms settle in regions where the 
potential energy is at a minimum, as determined by the presence of neighboring charges. 
The network of bonds and atoms that compose a crystal is called the crystal lattice.  The 
seed of the pattern- the smallest unique grouping of atoms which is repeated to build the lattice- 
is called the unit cell.  For the multitude of different crystal compositions found in nature or 
grown in a laboratory, there are a smaller number of common symmetries that define lattice 
types.  The broadest level of categorization for a crystal involves distinguishing the unit cell as 
belonging to one of seven lattice systems: cubic, tetragonal, orthorhombic, monoclinic, trigonal, 
hexagonal, or triclinic.  The lattice systems are distinguishable by different conditions on the unit 
cell lattice parameters, such as the size of the cell along different orthonormal axes a, b, and c, as 
well as angles α, β, and γ between adjacent cell faces.  Atoms can be arranged differently within 
the framework of these lattice types, resulting in 230 lattice space groups with unique geometries 
and symmetries.20  It should be noted that different methods of classifying crystal lattices exist, 




X-ray Crystallography.21,22  Each space group is given an identifier using Hermann-Mauguin 
notation.  Simple unit cells representing the cubic, tetragonal, and orthorhombic lattice systems, 
including face-centered and body-centered variations, are shown in Fig.3.  The diagrams can be 
recognized as 9 of the 14 Bravais lattices, which are not discussed in this work but still important 





FIG. 3.  Examples of unit cells for cubic, tetragonal, and orthorhombic crystal systems.   
 
 
When extending the field of view beyond a single unit cell to consider many units cells at 
once, the repetitious arrangement of atoms in a crystal creates the appearance of planes of atoms 
separated by empty spaces.  Many planes exist for each space group.  A common system for 
identifying lattice planes is with Miller indices h, k, and l.  In simple terms, the h, k, and l 
represent the fractional coordinates where a particular plane intersects the a, b, and c axes of a 
unit cell, respectively.  This method avoids troublesome coordinates by working in reciprocal 




space would be “infinity.”  However, the Miller index value for this (non-existent) intersection 
would be zero, as the reciprocal of infinity approximates as zero.  Likewise, a plane which 
intersects at a halfway point along a unit cell axis would have a Miller index of 2 for that 
direction.   
 The distance between atoms in a lattice, and thus between atomic planes, is on the 
angstrom to nanometer scale.  X-rays have wavelengths on the order of an angstrom, and as a 
result X-rays in a crystal can be diffracted by lattice planes.   
Determining Lattice Parameters Through X-Ray Diffraction 
The technique of X-ray diffraction relies on the interaction of X-rays with the electrons of 
atoms within a material.  As part of the electromagnetic spectrum, X-rays constitute oscillating 
electric and magnetic fields of a certain frequency.  Charged particles (such as electrons in a 
lattice) in the presence of an oscillating electric field will be compelled to oscillate themselves.  
Acceleration is part of this oscillatory motion, and accelerating charged particles release 
radiation.  The particles oscillate in space with the same frequency as the incident radiation, and 
therefore generate radiation with the same frequency.  For X-rays interacting with electrons in 
the context of diffraction, the time-averaged emitted radiation will be in the form of a spherical 
wave (regardless of the incident waveform), and the corresponding atom can be modelled as a 
point source.     
Emitted spherical waves from each atom will interfere constructively or destructively 
with each other, and the resulting interference patterns can be detected and analyzed.  Due to the 
large number of lattice planes, the constructive interference is highly selective by the time it exits 
a sample and interacts with a detector.20  Fortunately, the complex conditions on constructive 




diagram of X-ray diffraction from lattice planes as well as the mathematical formulations behind 
Bragg’s Law.  Bragg’s law models diffraction of an X-ray from a lattice plane as ray scattering 
from a surface, a much simpler process to analyze.  The intensity of the diffracted radiation is 
only non-zero if these scattered X-rays interfere constructively.  The scattering process is 
coherent if the path length difference for a ray scattered from one lattice plane and a ray scattered 
from the next lattice plane is an integer multiple of X-ray wavelength λ.  As can be calculated 
from Fig.4, the path length difference between two scattered rays is 2dsinθ.  The variable d 
represents the spacing between consecutive lattice planes.  The variable θ denotes the angle 
between the incident radiation and plane surface (as well as the angle between reflected ray and 





FIG. 4.  Diagram for the formulation of Bragg’s Law.  Bragg’s Law simplifies the conditions for 
constructive interference of diffracted X-rays.  In this diagram, X-rays are incident from the 
upper left and reflected to the upper right.  The detector, not shown in this diagram, would be 






When the incident X-ray wavelength is constant, there will be a unique angle θ where 
constructive interference can occur for every family of planes with the same d-spacing.  The 
technique of X-ray diffraction relies on measuring the angle θ of diffracted X-rays in order to 
calculate the d-spacing between lattice planes.  The relationship between lattice spacing d, lattice 
parameters a, b, and c, and Miller Indices h, k, and l is known for the 7 lattice systems.  Once the 
d-spacing is calculated using Bragg’s Law, the corresponding plane can be identified by its 
Miller Indices and the lattice parameters can be calculated using equations such as in Table 1. 
 
 
Table 1.  Relationship between d-spacing, lattice parameters, and Miller indices for the seven 
lattice systems (see Ref. 20 and 21). 
System D-spacing 
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Powder X-ray Diffraction 
 Bragg diffraction has been explained so far in terms of a static orientation of 
sample lattice to incident X-rays.  The result is a diffracted beam that produces a spot on a 
detector some distance away from the sample at some angle 2θ from the incident beam.  
Diffraction from a crystal is a 3-dimensional process, and as such the spot also exists at some 
azimuthal angle φ from the plane of the primary beam.  Without changing the orientation of the 
sample, multiple lattice planes may be able satisfy Bragg’s law for different angles θ.  Multiple 
spots will be detected on the detector.  However, a single orientation of sample lattice to primary 
beam is not enough to satisfy the Bragg condition for all possible planes within the lattice.  
Researchers can either rotate the sample, in the case of a single crystal, or use a powder sample 
in order to sample all permitted reflections of a space group. 
A powder sample can be created from grinding single crystals or bulk material into a 
uniformly fine powder of micron dimension particles.  Ideally, the particles of a powder sample 
are randomly oriented, so that on average all possible particle alignments are represented 
equally.  In other words, the orientation of lattice planes to incident beam is different from 
particle to particle.  Given a sufficiently large number of particles, every combination of d-
spacing, θ, and φ will be sampled.  The results are diffraction cones emitted from the sample for 
each angle Bragg θ and the full 360-degree range of azimuthal φ.  When a detector screen is 
oriented perpendicular to the axis of the incident beam, the screen intersects the cones.  The 
image formed consists of a series of concentric circles known as Debye rings (see Fig. 5 and Fig. 
6 (a)).20  An illustration of this process (for a so-called Debye-Scherrer experimental geometry) 





                  
 
FIG. 5. Diffraction image for a powder sample.  Powder diffraction is exemplified by the 
formation of Debye rings in the diffraction image.  Intensities at 2θ must satisfy Bragg’s Law, 




The intensity of counts in the Debye rings can be integrated as a function of the angle 
between diffracted X-rays and the axis of the incident beam (the semi-vertical angle of the 
diffraction cones).  As shown in Fig. 5, the angle from the incident beam to where the diffracted 
X-ray intersects the detector screen is twice the Bragg angle θ.  This is such a common 
experimental geometry that the intensity of diffracted X-rays is frequently plotted as a function 
of 2θ, where it is understood that 2θ is the angle relative to the incident beam.  An example of 
Debye rings on an area detector is shown in Fig. 6 (a), with the accompanying integrated 2-






(a)         (b)  
 
FIG. 6. (a) Detector plate image of CeO2 diffraction pattern, and (b) Integrated diffraction pattern 
of CeO2.  Detector plate images are integrated over φ to produce 2-dimensional intensity plots as 
a function of 2θ.  CeO2 is used as a standard/calibrant in XRD studies. 
 
 
Bragg’s Law can be used to determine the location of diffraction peaks based on the 
lattice of the sample, but it cannot explain everything about a diffraction pattern.  Bragg’s Law 
treats lattice planes as flat and uniformly solid surfaces, which would result in peaks that are 
delta functions of equal intensity.  As can be seen in Fig. 6, actual diffraction peaks have non-
negligible width and show different intensities for different d-spacings.  In order to extract 
information from peak intensities and widths, we must move beyond Bragg’s Law and consider 
the elemental composition of the sample and environment of the system.   
Factors in Diffraction Peak Profile 
Bragg’s Law considers each lattice plane to be solid, with an equal probability of 
scattering incident photons.  However, lattice planes in a real crystal are not solid.  The 
likelihood of interacting with X-ray photons depends on the density of electrons in that plane.  




the electron distribution for each atom.  The electronic density of a specific plane determines the 
intensity of the corresponding diffraction peak.  Other conditions may affect peak intensity, 
including preferred orientation, where the particles in a powder have become aligned along a 
specific direction rather than randomly distributed, causing some lattice planes to be sampled 
more than others.       
The final diffraction pattern obtained from experiment is a combination of material and 
instrumental effects.23  Detector efficiency and dead time affect the recorded intensities for each 
reflection.20  The quality of the diffraction image is limited by the resolution of the detector, 
which is responsible for broadening the peak width and is frequently modelled as a Gaussian 
contribution to peak shape.24  Also, the incident radiation will not be perfectly monochromatic 
for any XRD experiment, producing a range for each Bragg angle θ.  
Diffraction peaks are further broadened by variations in the d-spacing of lattice planes 
across the sample.  Imperfections such as site vacancies, impurities, stack faults or twinning all 
contribute to variations in d-spacing.23  Peak broadening can also be the result of strain on the 
lattice.23,24,25  Another example of imperfections are crystal surfaces.  The ideal crystal extends 
forever, whereas a powder sample is comprised of many finite particles with surfaces that 
present discontinuities in the crystal lattice.  As particles get smaller, the surface imperfections 
become more prominent relative to the long-range order of the interior lattice.  The smaller the 
particle, the more noticeable the peak broadening becomes, as one can see from X-ray diffraction 
studies of nanoparticles.26 
Effects of Pressure on Diffraction Peak Profiles  
Pressure exerted on the lattice brings atoms together, resulting in smaller d-spacings.  For 




to satisfy Bragg’s law.  As a result, we expect to see diffraction peaks shift higher in 2θ as 
pressure is increased.  Depending on the crystal structure, the “stiffness” of the lattice may be 
different along different directions a, b and c.  The compressibility of a material can be studied 
by tracking the change in unit cell volume as well as the change in lattice parameters a, b, and c 
with pressure.      
Under perfect conditions, applying pressure will cause the positions of XRD peaks to 
shift, but otherwise the peak profile remain the same.  However, peak broadening is often seen in 
high pressure studies, for a few reasons.  In a powder sample, individual particles will exert 
pressure on their neighbors at local regions of contact.  This contributes an overall slight 
anisotropic pressure that effects every lattice plane as long as the powder grains are randomly 
distributed.  A more prominent effect in DAC experiments is the pressure gradient the sample 
experiences due to a pressure gradient across the diamond culet, which becomes more severe as 
pressure increases.  This gradient is reduced or eliminated by including a pressure transmitting 
medium, but will affect the sample again once the PTM reaches its hydrostatic limit.  Once this 
occurs, we must consider that the diamond, gasket, PTM and sample itself will all contribute 
strain.  Our incident X-ray beam illuminates a powder sample that is experiencing a range of 
pressures, with some regions more compressed than others.  This causes variations in d-spacing 
for the same hkl planes, and results in peak-broadening in the X-ray pattern.  Aside from 
considering proper PTMs and sample placement when preparing a diamond anvil cell, one 
should consider using the smallest beam spot size possible to reduce the effect of the diamond 





CHAPTER FIVE  
SYNCHROTRON XRD STUDY OF FeSb2 
Introduction 
 This chapter will present high pressure XRD measurements carried out at the Sector 16 
BM-D beamline of the Advanced Photon Source. 27  The data is accompanied by a brief 
overview of the set-up for these experiments and analysis of results.  
Basic Set-Up for Diffraction Experiments  
 Fig.7 presents a schematic of the basic components and experimental geometry for our 
high pressure synchrotron X-ray diffraction experiments.  X-rays are generated by perturbing the 
orbit of electrons in the synchrotron storage ring using a bending magnet device.  X-rays are 
attenuated and focused to a beam through a series of optical components along the path to the 
experiment station.  Components include slits, crystal monochromators, focusing mirrors, and 
pinholes.  The components work together to create a beam that is monochromatic within 10-4 
Angstroms and focused to a spot size of approximately 5 μm x 5 μm FWHM where incident on 
the sample.  The incident X-ray beam, sample, and detector were arranged on axis in a Debye-
Scherrer acquisition geometry.  A MAR345 image plate detector placed downstream of the 
sample collected the diffraction data.  A lead beam stop was placed between the sample and 








FIG. 7. Basic schematic of primary devices used in high pressure XRD experiments at APS 
Sector 16 BM-D.  If not conducting high pressure measurements specifically, the DAC may be 
replaced with different sample holders, such as glass capillaries.      
 
 
Structure Determination of FeSb2  
We solved the unit cell volume and a, b, and c lattice parameters of FeSb2 as a function of 
applied pressure.  The method used for determining the crystal structure was Le Bail refinement 
utilizing GSAS-II software.28 
In the refinement process, an x-ray diffraction pattern is simulated based on the expected 
space group and lattice parameters of the sample.  This simulated pattern is then compared to 
experimental data, and the differences between the simulated and experimental pattern are 
minimized in a least-squares fitting procedure.  The Le Bail method of refinement applies least 
squares fitting to parameters determining peak position and profile shape in the simulated 
pattern, such as lattice constants, detector effects, crystallite size, and strain.  The fitting process 
is not applied to peak intensities; rather, the intensities simulated at the start are set equal to the 
observed peak intensities post background subtraction during the refinement cycle.20  Without 
fitting intensities, some information about the sample cannot be extracted from the diffraction 




For this work, we focused refinement on lattice parameters and strain terms.  The 
contribution of the detector to peak broadening was determined by refining the powder pattern of 
a CeO2 standard prior to refinement of FeSb2 data.  An anisotropic strain model was applied to 
high pressure data.24,25,28  To avoid overfitting strain and crystallite size together, the average 
particle size was fixed at a standard value of 1 micron.   
For our diffraction experiments, the incident X-ray energy was set to 30 keV, or λ = 
0.4133 Å.  The diffraction images were integrated using Fit2d software (see Ref. 29) after 
calibration with the CeO2 standard.  The integrated diffraction pattern of FeSb2 under ambient 
conditions is displayed in Fig.8.   Our pattern was refined as an orthorhombic Pnnm structure 
(space group no. 58) with unit cell volume 121.963(9) Å3 and parameters a = 5.8312(3) Å, b = 
6.5366(3) Å, and c = 3.1998(2) Å.  These parameters are compared with the range of published 
values in Table 2.  The FeSb2 unit cell is depicted in Fig. 9.  Each iron atom is surrounded by a 
distorted octahedron of 6 antimony atoms.   
Commonly, the accuracy of refinements is judged by statistics such as the weight profile 
residual “Rwp,” in addition to the uncertainties in a, b, and c, for example.  The Rwp is determined 
from the weighted residuals (differences) between calculated and observed intensities, scaled by 
weighted intensities, as shown in Eq. 1 (see Ref. 20).     












× 100% (Eq. 1) 
 There are limitations to relying on refinement statistics to judge the quality of fit, 
however.  Large backgrounds contribute to the observed and calculated intensities without 
providing any useful information to the refinement of a, b, and c.  Other common statistics such 




are of concern in diamond anvil cell experiments.  Compton and thermal diffuse scattering of X-
rays through the diamond anvils can produce a significant background relative to the intensities 
of sample peaks.30  Likewise, the choice to utilize an anisotropic strain model for high pressure 
data introduced more parameters to the refinement.  It is important to consider the limitations of 
least-squares fitting statistics and visually inspect the quality of fit as a whole.      
 
 





















 Le Bail Refinement
                   Pnnm
                   a = 5.8312(5)  
                   b = 6.5366(5)
                   c = 3.1998(2)
                   Rwp = 1.15% 
 
FIG. 8. Le Bail refinement results of FeSb2 powder at 0 GPa (ambient conditions).  The black 
vertical tic marks indicate the position of allowed reflections (hkls) based on the space group, 
lattice parameters, and incident X-ray wavelength.  The black cross marks represent the 
integrated diffraction data.  The green line represents the calculated diffraction pattern based on 
the final values of refinement parameters.  The red line represents the background fitted 
separately with the oft used Chebyshev polynomial.24  Last, the teal line is created by calculating 








FIG. 9.  Unit cell of orthorhombic phase FeSb2.  Red spheres represent iron atoms and blue 
spheres represent antimony.  Drawing created using VESTA software.31        
 
    















































a (Å) 5.8342 5.8328(5) 5.83 5.8268 5.8328 5.282(2) 5.82764(9) 5.8312(3) 
b (Å) 6.5303 6.5365(5) 6.54 6.5338 6.5334 6.527(4) 6.5334(1) 6.5366(3) 
c (Å) 3.1931 3.1973(3) 3.20 3.1969 3.1963 3.194(1) 3.19630(5) 3.1998(2) 
 
     
High Pressure X-ray Diffraction Studies of FeSb2 
FeSb2 has been predicted to undergo a pressure-induced phase transition from an 
orthorhombic Pnnm structure to a tetragonal I4/mcm structure at 38 GPa.36  Experimentally, the 
emergence of the second phase has been observed at pressures as low as 14.3 GPa for 
nanostructured FeSb2.




regime have been limited to pressures below 10 GPa, with no structural transition being 
reported.34,35 
For our experiment, the sample was pressurized from approximately 4 GPa to 50 GPa in 
a symmetric-style DAC prepared with 200 micron culet diameter diamonds.  A rhenium metal 
gasket was created from 250-micron thick rhenium metal foil indented to 25-micron thickness 
using the DAC.  A 60-micron diameter sample chamber was laser-drilled in the center of the 
indentation using the HPCAT laser-drilling system.  The cell was gas loaded with helium as the 
pressure transmitting medium.    
  Two 5-10 micron diameter ruby spheres were placed in the sample chamber to measure 
pressures below 30 GPa.  As discussed in chapter 2, the reported pressures are the average of 
multiple ruby measurements before and after each XRD acquisition, with the error in pressure 
estimated by the standard error of measurements.  Beyond 30 GPa, the pressure in the sample 
chamber was determined from the Raman spectra of the diamond culet.  Select high pressure 








FIG. 10. Diffraction patterns of FeSb2 under increasing pressure.  Asterisks are used to mark 
peaks corresponding to an impurity phase. 
  
 
Fig. 10 shows new peaks at around 7.5 - 8 degrees and 10 degrees 2θ that are not seen in 
Fig. 8.  Both powders were from the same synthesis batch, so new diffraction peaks seen in one 
but not the other indicates issues with sample preparation, rather than the sample itself.  We 
believe these additional peaks in the high pressure data are due to impurities accrued from 
grinding the powder in a contaminated mortar and pestle.  These impurity peaks were masked 
when refining the FeSb2 structure at each pressure point, as can be seen in the example of 
refinement results in Fig. 11.  Impurity peaks at higher 2θ were either too low in intensity to 
require masking, or were overlapping with sample peaks.   
As can be seen in Fig. 10, the structure of the impurity phase does not change in any 
complex way as pressure is increased.  Ultimately, we consider the effect of the impurity to be 




challenge during the refinement process.   Fortunately, the powder used the ambient XRD pattern 
and in NRS experiments was ground with a different mortar and pestle and is unaffected by the 





FIG. 11. Diffraction pattern and Le Bail refinement for FeSb2 at 12.5 GPa ± 1.0 GPa.  This is 
presented as an architype for high pressure refinements in this work.  The dotted lines indicate 
the region where an impurity peak was masked.   
 
 
Emergence of the I4/mcm phase  
   One of our goals in this high pressure XRD study was to observe the phase transition 
from Pnnm to I4/mcm.  A comparison of simulated patterns for the two phases is shown in Fig. 




which crystallizes as I4/mcm at ambient conditions.37  In Fig. 12, the simulated I4/mcm pattern is 
compared to a simulated Pnnm structure based on the structure reported by Kjekshus et al.  
Comparing the two phases in this way can help us qualitatively determine how our diffraction 
patterns may evolve with pressure. 
 
 
FIG. 12. Overlain simulated patterns for Pnnm and I4/mcm phases.  The predicted I4/mcm phase 
(shown in red) is overlain with a simulated pattern for the ambient Pnnm phase (shaded in grey).  
Select peaks are labelled by the matching hkl values; white labels below peaks are for the Pnnm 
phase, red labels above peaks are for the I4/mcm planes.  The calculated intensity of the (211) 
reflection of the tetragonal phase is roughly 4.5x the intensity of the nearby (111) peak of the 
orthorhombic phase, and extends beyond this graph.     
 
 
A feature that could possibly be the (211) peak of the I4/mcm phase can be seen between 
the (210) and (111) reflection of the Pnnm phase starting at 17.4 GPa ± 1.2 GPa.  However, this 




the developing I4/mcm phase prevented reliable refinement of lattice parameters as a function of 
pressure.  The lattice parameters of the I4/mcm phase at 45.8 GPa were calculated from a Le Bail 





FIG. 13. The emergence of the I4/mcm phase in diffraction patterns.  Selected diffraction 
patterns are shown here focused at the region where the dominant (211) peak of the I4/mcm 
structure is expected to occur (see Fig. 12).  Arrows are used to track this feature. 
 
 
 Based on the calculations of Wu et al., we would expect to see the phase transition from 




between 39.2 GPa and 45.8 GPa supports these calculations.  However, a small volume of the 
phase appears to be present as early as 17.4 GPa, which is in greater agreement with the work 
done on nanostructured FeSb2 by Poffo et al.  The early-onset of this transition suggests a small 
portion of the powder sample may be nanoparticles.  Additionally, phase transitions commonly 
occur at lower pressures in non-hydrostatic conditions compared to the hydrostatic case.  The 
statistical error bars in our pressure measurements indicate the sample is experiencing a pressure 
gradient across the sample chamber, and thus the effect of non-hydrostatic pressure needs to be 
considered when evaluating structural transitions.              
 The parameters of the Pnnm lattice were refined at each pressure point and are plotted in 
Fig. 14 (a) and 14 (b).  In Fig. 14 (a), we also fit our pressure and volume data with a third-order 
Birch-Murnaghan equation of state, following the example of Poffo et al, where 
 
𝑃 =  
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Fitting our data to this EOS allows us to obtain values for the bulk modulus Bo and the pressure 
derivative of the bulk modulus B’o.  We found Bo = 95.5 ± 2.4 GPa and B
’
o = 4.3 ± 0.2.  These 
results are compared to other published values in Table 3.  Our values are in good agreement 
with the computational work by Wu et al, but differ from the other experimentally-determined 
values of Bo and B
’
o and indicate a greater resistance to compression.  When observing the lattice 
behavior along each direction a, b, and c, the greater compressibility along the c axis seen in Fig. 
14 (b) matches qualitatively the behavior observed in the high pressure experiments of Poffo et 










FIG. 14.  (a) Pressure versus volume for our FeSb2 Pnnm phase.  This plot includes a fit to a 
third-order Birch-Murnagham EOS (see Eq. 2).   (b) Lattice parameters a, b, and c for the Pnnm 






















75.5 ± 3.2 
Exp. 84 ± 3 Comp. 94 Exp. 95.9 ± 2.4 
B’o  7.2 ± 0.7  5 ± 1  4.9  4.3 ± 0.2 






CHAPTER SIX  
FUNDAMENTALS OF NUCLEAR RESONANT SCATTERING EXPERIMENTS 
Introduction 
 This chapter discusses the physical processes in materials that allow for nuclear resonant 
scattering experiments to be conducted.  Nuclear resonant scattering (NRS) is a term used for 
processes where the excitation of a nucleus is coupled with the scattering of an X-ray.38  Such 
processes include coherent elastic scattering (nuclear forward scattering) and coherent inelastic 
scattering (nuclear resonant inelastic x-ray scattering) events.  What distinguishes an event as 
elastic or inelastic will be detailed in this chapter.     
The Mössbauer Effect 
 The two nuclear resonant scattering techniques presented in this work rely on Rudolf 
Mössbauer’s 1958 discovery of the Mössbauer effect.39  Mössbauer established the condition for 
resonant excitation of nuclei in a material, namely that resonance is only possible for crystalline 
solids.   
The simplest introduction to the Mössbauer effect begins with an isolated nucleus at rest 
and in an excited state.  In order to return to its ground state, the nucleus must release energy 
equal to the amount between its ground and excited state.  This energy may be released in a 
single event as a photon.  Although we may expect the energy of the photon to equal the energy 
of the nuclear transition, the law of conservation of momentum will prohibit this equality.  The 
emitted photon has momentum; since the nuclei started at rest, conservation of momentum 
requires that it gain momentum in the emission process.  As a result, the nucleus will recoil.  




during the transition from excited state to ground state is divided between the energy of the 
emitted photon and the kinetic energy of the recoiling nucleus.   
In order for resonance to occur, the photon emitted from our nucleus at rest must then be 
absorbed and excite a neighboring nucleus of the same species.  The bandwidth of nuclear 
excited states is very small; typically, if the incident photon differs from the excited state energy 
by +/- a few neV, the transition will not occur.  The amount of energy taken by recoil is 
significantly larger than this window of opportunity.  This example demonstrates that an excited 
nucleus at rest will emit a photon of energy less than the transition energy due to recoil.  By 
extension, a ground-state nucleus at rest would require a photon of energy greater than the 
transition energy to be excited to a new state, in order to accommodate recoil.  Considering 
nuclei at rest is the simplest model; resonance only becomes further inaccessible for moving 
atoms, where phenomena like Doppler broadening exacerbate the energy disparity.       
By the mid-20th century, scientists were well familiar with electronic resonance, but 
nuclear resonance remained elusive.  This changed once Mössbauer discovered that, under the 
right conditions, nuclear resonance was possible in crystalline solids.  Crystalline materials are 
discussed in Ch. 4.  Unlike a gas or liquid, atoms in a crystal are arranged in “fixed” positions.  
For any given atom, the location in space is constrained by the presence of neighboring charges.  
The atom cannot move (beyond thermal motion about its fixed position) unless permitted by the 
lattice.  Atoms can move with the lattice, however, by propagating quantized lattice vibrations 
known as phonons.     
For nuclear excitations in crystalline solids, the constraints on atomic movement imposed 
by a lattice are enough to stifle recoil motion.  With the individual atom unable to recoil freely, 




is accompanied by the creation of a phonon (or multiple phonons).  As quantized quasiparticles, 
phonons only exist at specific energies.  The allowed energies of phonons in a lattice depends on 
multiple factors, such as the lattice structure, composition, and chemical bond strength.  Thus, 
resonant nuclear excitation is permitted only where the recoil energy is equal to an integer 
multiple of a phonon energy.          
This condition for resonant nuclear emission and absorption also works in reverse, where 
the lattice can “donate” energy to an atom to meet the energy requirement of a nuclear transition.  
In such cases, phonons are destroyed rather than created.   
Mössbauer discovered that the coupling of a nuclear excitation with the crystal lattice 
state had interesting consequences.  If resonant nuclear excitation in a lattice is accompanied by 
the creation or destruction of an integer number of phonons, this suggests resonant emission and 
absorption can occur when the integer is zero, i.e. resonance without phonon assistance, or 
without recoil.39  A crystal lattice environment enables nuclear resonance via phonon-assisted 
excitations and recoil-free excitations.   
For recoil-free absorption and emission, the final nuclear state and final lattice state are 
identical to the pre-transition case.  The nucleus returns to its ground state, and the number of 
phonons in the lattice is unchanged.  These events are classified as nuclear resonant elastic 
scattering.38  Nuclear forward scattering, also known as synchrotron Mössbauer spectroscopy, is 
used to study this elastic scattering.   
Conversely, when nuclear resonant absorption and emission requires the creation or 
destruction of phonons, the final state of the nucleus will be equal to the initial state, but the final 




inelastic scattering.38  Phonon-assisted nuclear excitation is studied with the technique nuclear 
resonant inelastic X-ray scattering (NRIXS).                               
Mössbauer Isotopes  
 Not every nuclei is experimentally accessible for study using NFS or NRIXS.  These 
techniques use X-rays to excite nuclei from their ground state.  Typically, nuclear transitions are 
in the gamma regime (MeV energies), but Mössbauer isotopes feature lower energy excited 
states with transition energies in the X-ray regime (keV energies).  Of these, a smaller number of 
isotopes have transitions with the appropriate combination of transition energy, excited state 
energy width, and excited state lifetime for experiments.  Fig. 15 shows a map of assorted, 
experimentally accessible Mössbauer isotopes (based on information provided in Ref. 40 and 
41).  With the development of high resolution monochromators (HRM), the investigating X-ray 
radiation can be tuned to meV resolution.  This is important for increasing the likelihood of 
accessing excited states with narrow energy widths, and is crucial when investigating phonon-
assisted excitations.  Each Mössbauer isotope under study requires a dedicated HRM, which 
imposes a practical limitation of what samples can be investigated with these techniques.    
Also, the lifetime of the excited state must lie within experiment-imposed boundary 
conditions.  In data analysis, time discrimination is used to distinguish X-rays scattered through 
nuclear resonance events from X-rays scattered by electrons in the sample.  At the Advanced 
Photon Source, the incident radiation used to excite nuclear energy transitions is delivered to the 
sample in ~ 35 picosecond pulses spaced 153 ns apart, rather than continuously with time.42  
Electronic scattering events occur within picoseconds of the X-rays being delivered.38  If the 
lifetime of a nuclear excited state is within the time frame of electronic scattering, nuclear 




larger than the time resolution of the detectors being used (typically 1 ns).38  On the other hand, 
if the excited state lifetime is longer than the time between X-ray pulses, the number of measured 
events may be too low for reliable analysis.  Fig. 16 illustrates the principle of time 
discrimination for NFS and NRIXS measurements.  57Fe, with a transition energy of 14.2125 
keV and a lifetime of 141 ns, is well-suited for nuclear resonant scattering experiments at the 
APS.    
 
 
FIG. 15.  A comparison of several Mössbauer isotopes with regards to their nuclear excited state 
transition energies and lifetimes.  Values for each isotope were found in Ref. 40.  The shaded 
blue region indicates the range of X-ray energies that can be reached during experiments at APS 
Sector 16 ID-D.  The shaded pink region indicated the upper and lower bounds of excited state 
lifetimes suitable for this technique: larger than the detector resolution of 1 ns, but not much 
larger than the synchrotron bunch mode spacing of 153 ns.  Although many isotopes may be 
experimentally feasible, the choice of which one to study is ultimately determined by the 








FIG. 16.  The intensity of sample-scattered photons as a function of time during NRS 
experiments.  Scattering detected immediately following the arrival of the X-ray pulse is a 
combination of nuclear and electronic scattering.  Beyond a certain cut-off point (typically 20 ns) 





CHAPTER SEVEN  
RESULTS OF NUCLEAR FORWARD SCATTERING EXPERIMENTS 
Introduction 
This chapter provides a brief overview of NFS experimental set-up and data, and the  
NFS spectra of FeSb2 at 1.2 ± 0.1 GPa.  This work presents the first known synchrotron 
Mössbauer spectroscopy measurements of FeSb2.  In this work, we are probing the 14.4125 keV 
transition of the 57Fe nuclei in our powder sample.   
Experimental Requirements for NFS studies 
NFS experiments were conducted at the APS Sector 16 ID-D beamline.  Fig.17 illustrates 
the basic equipment of NFS experiments.  An insertion device perturbs the orbit of the electrons 
in the synchrotron ring, resulting in X-rays which are directed to the experiment station.  Prior to 
reaching the sample, the X-ray beam goes through a series of optics which attenuate and focus 
the beam, as well as a crystal monochromator to select a specific energy of radiation (see chapter 
5 for more discussion of optical components).  For NRS experiments, an additional high 
resolution monochromator is required to reach meV accuracy.  The emitted NFS time spectra is 








FIG. 17. Basic schematic of equipment used in NFR experiments at APS Sector 16 ID-D.  This 
schematic follows the delivery of X-rays to a sample for NFS experiments, and the collection 
and display of data.    
 
  
 The X-ray beam is tuned to the resonance energy before taking measurements.  Our 
measurement at 1.2 ± 0.1 GPa was acquired at 14.412484(7) keV.  The X-ray beam was focused 
to an 8 μm × 8 μm FWHM spot size once it reached the sample.  The sample was loaded in a 
panoramic-style diamond anvil cell with 250 micron diamond culets.  A beryllium gasket was 
indented to 30 microns and laser drilled with an 80 micron diameter sample chamber.  The 
sample was loaded with two rubies for pressure determination and silicone oil as the pressure 
transmitting medium.       
Data from NFS Experiments 
 Data acquired during NFS measurements correspond to the recoil-free absorption and 
emission of X-rays by the targeted nuclei.  The energy of the nuclear excited state is affected by 
the surrounding electronic environment, particularly the s- and d- orbital electrons.38  The 




magnetic environment.  NFS measurements can be used to determine the presence of hyperfine 
interactions. 
The hyperfine interactions considered in conventional and synchrotron Mössbauer 
spectroscopy experiments are isomer shifts, quadrupole splitting, and magnetic hyperfine 
splitting.43   
The exact value of the transition energy for the nuclear transition under investigation will 
vary slightly for the same nuclei in different materials.  The difference in transition energy for 
the same nuclei in different environments is known as the isomer shift, also referred to as the 
chemical shift.  Frequently, researchers will seek to measure the isomer shift of their material 
relative to a standard (such as stainless steel for 57Fe).  Likewise, if the sample under study has 
multiple unique lattice sites for the same Mössbauer nuclei, there may be isomer shifts between 
lattice sites in the same material.  As seen in the XRD portion of this work, each Fe atom in 
FeSb2 is surrounded by six Sb atoms forming a distorted octahedron.  This would result in only 
one unique lattice site for 57Fe nuclei in FeSb2.        
If the nucleus experiences an electric field gradient due to a non-symmetric distribution 
of surrounding charges, the energy level if the excited state may be split into different nuclear 
spin states.  This is known as quadrupole splitting.  The nucleus can be excited to multiple 
possible energy states, which results in the recoil-free emission of X-rays of slightly different 
frequencies.  As indicated in Fig. 17 and Fig. 18, the different emitted frequencies interfere with 
each other to produce a beat pattern, which is the recorded by a detector.  This is analogous to 
striking tuning forks to create an acoustic beat pattern.40  The difference in energy between 




Last, if there is a magnetic field surrounding the nucleus, both the nuclear ground state 
and excited states will split further into different spin states, resulting in a complete loss of 
degeneracy and more available transitions.  The NFS spectra becomes more complicated with 
more regions of destructive interference.  Characteristic NFS spectra for the different hyperfine 





FIG. 18. Simple nuclear energy level diagrams and corresponding effect on NFS spectra.  
 
 
When analyzing NFS data, researchers must also consider the material contributions to 
the interference spectra.  In an ideal model, the duration of the time spectra is determined by the 
lifetime of the excited state.  However, in real materials the reabsorption of emitted photons and 
other scattering events results in more destructive interference.  This effect becomes more 




NFS measurement of FeSb2 
 The NFS spectra for FeSb2 at 1.2 ± 0.1 GPa is shown in Fig. 19.  The spectra was fitted 
using CONUSS software.44  The incident energy was tuned to 14.412484(7) keV, which 
provided the optimal signal from the sample.  The isomer shift relative to stainless steel was not 
determined.  Conventional Mössbauer spectroscopy measurements of ambient FeSb2 report 
quadrupole splitting but no magnetic interaction.45,46  Our results show this behavior is continued 
for 1.2 GPa as well.  We report a quadrupole splitting value of 1.377 mm/s (66.199 neV).  This is 
larger than the values of 1.27(10) mm/s reported by Tumolillo and 1.286(5) mm/s reported by 
Birkel et al.  Our larger quadrupole splitting value implies that the electric field gradient 
experienced by the nucleus has increased with the application of pressure.  Quadrupole splitting 
is expected to change with pressure, as compression on the lattice brings atoms closer together 
and affects the electron distribution surrounding the nucleus.  Further high pressure 
measurements are needed to inform whether quadrupole splitting continues to increase as 








FIG. 19.  NFS spectra of FeSb2 at 1.2 GPa and room temperature.  Fitting of the spectra was 
done using CONUSS software, refining sample quadrupole splitting and thickness. 




CHAPTER EIGHT  
NUCLEAR RESONANT INELASTIC X-RAY SCATTERING    
Introduction 
 In this chapter, we report the NRIXS spectra and extracted partial phonon density of 
states for FeSb2 at 1.2 ± 0.1 GPa.  The results are accompanied by a brief overview of 
experimental requirements for NRIXS experiments.   
Experimental Requirements for NRIXS studies 
 The experimental set-up for NRIXS experiments is depicted in Fig. 20.  The primary 
optical components leading into the experiment station are the same as with NFS measurements.  
The main difference is in the use of multiple APD detectors to collect emitted photons off-axis of 
the incident beam.  The measurement presented in this work were collected using two APD 
detectors.  The signal from phonon-assisted scattering events measured with NRIXS is often 
weak, and the detectors are placed as close to the sample gasket as possible.  Unlike NFS 
measurements where the incident X-ray energy is the same throughout the experiment, in our 
NRIXS measurements the incident X-ray energy was scanned across the resonant energy value.  
We scanned ± 90 meV above and below the transition energy (14.412484(7) keV, as seen in our 
NFS measurements), in 1 meV steps.47  This measurement was taken immediately following the 








FIG. 20. Schematic diagram of equipment used in NRIXS experiments at APS Sector 16 ID-D.  
The multicolored arrow represents the scanning in energy of the incident beam.   
 
 
We present the first high pressure, room temperature NRIXS study of FeSb2.  The 
NRIXS spectra is shown in Fig.21 with the intensity is plotted on a log scale.  The horizontal 
axis gives the incident X-ray energy relative to the transition energy Eo, where the elastic 
scattering peak is observed.  An NRIXS spectrum is based on detecting photons emitted during 
the process of a nucleus in an excited state returning to the ground state.  As a reminder, for the 
case of inelastic scattering the nucleus will transition to its excited state only if the lattice can 
contribute to the process.  If the incident beam has E > Eo, the nuclear transition can only occur if 
the excess energy can be “absorbed” by the lattice.  This in turn can only be done if the excess 
energy fits the requirements for creating a phonon (or multiple phonons).  Any peaks in the 
region above 0 meV in Fig. 21 indicate the values of excess energy which were accepted by the 
system to create phonons.   
Where the incident beam energy E < Eo, the lattice must “donate” energy to the nucleus 
for a transition from the ground state to occur.  The energy donated corresponds to a phonon (or 




from the NRIXS spectra the energy of phonons which must exist in our sample.  This also allows 
for the calculation of the phonon density of states (PDOS) using the NRIXS spectra, a process 









The PDOS for FeSb2 was extracted from the NRIXS data using PHOENIX software.
44  
This PDOS is specific to phonons related to iron atoms in the lattice; a full experimentally 
determined PDOS would require NRIXS measurements of antimony as well.  For this reason, 







FIG. 22.  PDOS corresponding to 57Fe sites in the FeSb2 lattice at 1.2 GPa.  The PDOS was 
extracted from NRIXS spectra using PHOENIX software.   
 
 
Prior to this work, the only NRIXS study of FeSb2 was conducted at a temperature of 50 
K and a pressure of 0 GPa (see Ref. 16).  Many structural and thermodynamic variables can be 
extracted from the PDOS.48  A few terms are listed below in Table 4.   
 
 
Table 4.  Terms Extracted from Partial PDOS of FeSb2 
 




0.7621 ± 0.004 
Lamb-Mössbauer Factor at T = 0 K 0.9204 ± 0.001 
Mean Force Constant  193 ± 65 N/m 
Vibrational Specific Heat 2.69 ± 0.05 kB/atom 
Kinetic energy per atom 14.2 ± 0.7 meV 





CHAPTER NINE  
SUMMARY OF RESULTS AND CONCLUSION  
 This thesis combines high pressure XRD, NFS, and NRIXS studies of iron diantimonide, 
chemical formula FeSb2.  Our XRD measurements indicate a high pressure phase transition from 
an orthorhombic Pnnm structure to a tetragonal I4/mcm structure.  Traces of the second phase 
emerge in the diffraction pattern of our 17.4 GPa measurement, but remain at a very low 
intensity until the I4/mcm (211) peak increases appreciably between 39.2 ± 2.4 GPa and 45.8 ± 
2.6 GPa.  This suggests to us that the phase transition occurs in “bulk” material at approximately 
40 GPa as predicted, and that some fraction of our powdered sample may have been 
nanoparticles, given pressure-induced phase transitions occur at lower pressures for 
nanomaterials.26,36  The phase transition was incomplete over the range of pressures we 
investigated (from ambient pressure to approximately 50 GPa).  Further high pressure studies are 
required to track the evolution of the I4/mcm phase in more detail. 
 We present the first high pressure NRS measurements of FeSb2, with both NFS and 
NRIXS measurements of the sample at 1.2 ± 0.1 GPa.  Our NFS measurements reveal 
quadrupole splitting of the 57Fe excited state, but no magnetism, in agreement with conventional 
Mössbauer spectroscopy investigations of FeSb2 at room temperature at 0 GPa.
45,46  From our 
NRIXS spectra, we are able to present the experimentally determined partial phonon density of 
states specific to iron sites in the FeSb2 lattice.
44   Increasing pressure can be used to model the 
effects of decreasing temperature on a lattice; future work could entail higher pressure NRIXS 
measurements of FeSb2 in order to investigate the contribution of the PDOS to the low 
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